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ABSTRACT
NITROGEN LOADING IN COASTAL WATERSHEDS OF NEW HAMPSHIRE: 
AN APPLICATION OF THE SPARROW MODEL
By
Kathleen Legere 
University of New Hampshire, September, 2007 
In coastal New Hampshire as well as throughout the world there has been 
an increase in Nitrogen (N) loading to coastal areas. N is considered the limiting 
nutrient in coastal waters and can lead to euthrophication. Understanding the 
sources of coastal inputs is difficult because of the many possible sources of N 
are found in the watershed and few are adequately sampled. Modeling is an 
important tool in understanding the sources of N in a watershed. In this 
research, the New England SPARROW (Spatially Referenced Regression on 
Watershed Attributes) will be applied to predict nitrogen loading in the Exeter, 
Oyster, Lamprey, Cocheco and Salmon Falls watersheds in coastal New 
Hampshire. By applying the same regression techniques for all of New England 
to data collected from the NH Coastal region a more accurate model was 
developed. The NH Coastal model predicts more accurately and better defines 
the source variables in the region.
viii
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CHAPTER I
INTRODUCTION
Nitrogen Inputs and Coastal Eutrophication
Eutrophication is related to the nutrient enrichment of waters and is one 
of the largest pollution problems in coastal areas of the United States (Howarth 
et al, 2000 McClelland, 1998. Valiela, 2000). The consequences of 
eutrophication are detrimental and can include toxic algal blooms, loss of 
oxygen, fish kills and loss of biodiversity (Carpenter, 1998). Additional N 
loading often causes a range of negative consequences including increased 
turbidity due to excess algal growth as well as a shift in vegetation. A shift in 
vegetation can be seen in New England as seagrass habitat disappears as the 
shallow estuaries of the Northeast become eutrophic due in part to N pollution 
(McClelland, 1998). One of the most severe problems is a decrease in 
dissolved oxygen due to excessive algal growth which can lead to fish kills 
(Carpenter 1998). The effects of N pollution are seen from Long Island Sound 
to the Gulf of Mexico but the human response to the problem has been slow. In 
coastal New England eutrophication is an increasing concern but the total 
extent and severity of the problem is difficult to describe (Figure 1).
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Eutrophication is clearly a problem but the severity and extent of the problem in 
many coastal waters remains unknown (Howarth, 2002).
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Source:Clement, Chris, S. B. Bricker and D.E. Pirhalla. 2001 (on-line). Eutrophic Conditions in Estuarine Waters. In: NOAA's State of the Coast Report. Silver 
Spring, MD: National Oceanic and Atmospheric Administration.
URL: http://state-of-coast.noaa.gov/bulletins/html/eut_18/eut.html
Figure 1. Extent of eutrophication in New England. Eutrophication is characterized as high 
moderate or low.
Eutrophication in estuaries is largely due to the increase in watershed N 
loading from agriculture, atmospheric deposition, wastewater and a variety of 
other sources. Some N inputs are denitrified or retained in the watershed but a 
considerable amount is transported to groundwater or streams and delivered to 
the ocean (Holmes, 1998). An increase in point sources is often linked to human 
population growth (Howarth, 2006). In addition to point sources human 
population growth also causes an increase in burning of fossil fuels which can
2
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lead to increased nitrogen deposition, increase fertilizer use, and more release of 
N from septic systems (Carpenter, 1998).
Nitrogen transport to coastal areas is important because the loading of 
anthropogenic N to estuaries continues to increase and N is the limiting nutrient 
of primary production in coastal waters (Valiela 2000). It has been estimated that 
60% of coastal waters have been moderately to severely degraded by nutrient 
pollution (Howarth, 2002). As coastal eutrophication threatens our waters it is 
increasingly important to understand sources of nutrients and their effect on the 
ecosystem.
Defining Nitrogen Contributions
Nitrogen inputs to coastal areas occur as both point and non point 
pollution. Point sources are much easier than nonpoint sources to measure 
because they tend to be continuous with little variability over time (Carpenter, 
1998). Non-point sources are harder to measure because they tend to be linked 
to seasonal activity and have many transport factors that may change the 
pollutant as it travels to the water body. Excessive nitrogen from non-point 
source pollution can be retained or denitrified in the watershed but much of it is 
transported through groundwater to estuaries (Holmes, 2000). In many areas, 
non-point source pollution is the largest source of pollution to surface waters. In 
the North Atlantic region, coastal non point N is nine times greater than point N 
sources (Carpenter, 1998). Even with no inputs from point sources 72-82% of 
waters would need a reduction of non-point sources to meet water quality 
standards developed by state agencies (Carpenter, 1998). The easiest way to
3
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understand non point source pollution is to connect the N loading to human 
activity. An example of this would be using fertilizer application as a way to 
estimate agricultural residential or commercial impacts on N increases.
Land use can affect the amount of N that runs of the landscape in many 
ways. Developed land will increase the amount of runoff that is transported to 
streams by decreasing the amount of area for infiltration (Moffat, 1998). 
Agricultural land increases N loading because of fertilizer use and irrigation 
practices, which vary by region. Typically only 45% to 75% of nitrogen applied 
as fertilizer is removed by crops in the United States (Carpenter, 1998, Howarth 
2002). The remaining nitrogen that is left in the soil may return to the 
atmosphere or be transferred to ground or surface waters. While agricultural and 
developed areas are typically sources of N, wetland areas have the potential to 
remove nitrogen from surface waters. Wetlands sometimes act as filters for 
runoff from uplands and have been shown in some studies to improve water 
quality in agricultural watersheds (Hanson 1994).
Linking N in coastal waters to land derived sources can also be done by 
looking at dissolved organic nitrogen (DON) availability to marine waters. It has 
been shown that a large amount of the N that is transported in streams is DON, 
in some rivers the amount of DON is over 80% (Stepanauskas, 1999, Seitinger,
2002). It has been established in many studies that wetlands areas are a sink of 
N due to denitrification (Hanson, 1994, Howarth, 2002). However in many of 
these studies only nitrate reduction is analyzed and when total N is measured 
many wetlands are net exporters of DON (Stepanauskas, 1999). DON export
4
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from wetlands can be so large that in some areas DON is the dominant form of N 
export. DON can also come from animal pastures, urban and surburban runoff 
and natural forest areas (Stepanauskas, 1999) but these sources are minor in 
comparison to wetlands.
In the Northeastern United States atmospheric deposition is the primary 
source of nitrogen pollution (Howarth, 2002, Ollinger, 1993, Carpenter, 1998). 
The combustion of fossil fuels, biomass burning, lightning and emissions from 
soils are some sources of atmospheric nitrogen (Carpenter, 1998), and they 
result in particularly high deposition of N in the eastern US (Figure 2). Many 
temperate forests at background conditions are N limited, however because of 
increased N deposition the availability of N in forests has been increased (Fenn 
et al, 1998). Forest saturation is a result of increase N deposition which is seen 
as a threat to forest and freshwater ecosystems (Aber, 1991). However once the 
forest is saturated with N it can then runoff in to surface waters. N saturation in 
forests leads to increase N leaching and loss (Aber, 1991). It is difficult to 
estimate the amount of N that will be retained in a forest because this can vary 
depending upon soil type and dominant tree species. Unlike forests, urban areas 
have impervious areas that allow little N retention and most of the N that is 
deposited to urban areas will be contributed directly as runoff. Once forests are 
saturated, N will runoff from these areas as well.
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Figure 2. Map of average inorganic nitrogen deposition for 2004 in the United States in kg/ha/yr.
Human population is a contributing factor to increased N export from 
watersheds (Carpenter, 1998, Howarth 2002). Human activities produce 
approximately 60% of all the nitrogen that is deposited on the land each year 
worldwide (Moffat 1998). Increased population in an area increases the amount 
of impervious area which has a strong positive correlation to exports of total N 
(Lewis, 1999). McClelland et al (1998) showed a close coupling with increased 
urbanization in coastal watershed and increased N used by primary producers, 
indicating that septic systems have the potential to increase N inputs to coastal 
waters. It has also been noted that in large rivers N03 export is closely related to 
human population density and that this relationship generally improves with 
larger watersheds (Caraco 2003). Since human population continues to increase
6
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(Figure 3), it is important to understand that an increase of human population can 
lead to an increase in N inputs.
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Figure 3. Total population growth in the United States 1990-2004 (World Bank)
Nitrogen Modeling
Determining the load of pollutant that enters a coastal area requires 
extensive sampling. Monitoring water quality can be done in two ways: spatially 
representative sampling or target sampling of “hotspots” (Smith 1997). Spatially 
representative sampling gives a broad overview of water quality conditions but 
makes it difficult to understand the characteristics that explain problem areas. 
Target sampling is most useful in determining specific problems in streams but 
does not try to explain the overall trends of water quality in the watershed 
because it is localized in a specific area. To characterize the health of a system, 
both a broad overview of water quality and knowledge of specific problems are 
necessary. This often requires extensive sampling which is not practical given 
the budget restraints of many environmental agencies throughout the country.
7
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The solution to this sampling problem is the use of models that can predict 
pollutant loading or concentrations in an area without extensive sampling 
programs.
The most common objective of any water quality model is to accurately 
describe water quality conditions for an area based on limited monitoring data. 
Models benefit from having large datasets but are always limited by the amount 
of available data. This can pose difficulties because the data sets are often 
limited by sparse sampling and may be unrepresentative of the objectives of the 
model (Schwarz, 2006). Many models are based on the interpretations of the 
“hotspot" sampling which can lead to errors when looking at the larger scale, 
especially when the sampling biases are large (Smith 1997).
There are many types of models that have been developed to estimate the 
transport of N from land to sea. The most effective will be one that can predict 
accurately not only the concentration or load of N but also the sources. This 
estimation of N by models is rarely precise. The primary sources of error in 
current global or regional N flux models is generated from the spatial scale at 
which the model is applied (Jones, 2002). This stems from the fact that most 
models are not physically based. In a model correlating human population to N 
export in streams of varying size, for larger watersheds the model predicted well 
due a correlation between human activity and anthropogenic nitrogen (Caraco,
2003). In smaller basins the correlations were lost so the model did not perform 
well (Caraco, 2003). In a model looking at potential excess N in small 
agricultural catchments, the model agreed very well with actual data at a small
8
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scale (Kull 2000). This model used detailed information about land use in each 
of the small catchments to determine the loss of N. Again at a larger scale this 
relationship between land use and N loss may have been missed. It is clear that 
for a model to perform well, it must be developed at the appropriate scale.
New England Regional SPARROW Model 
SPARROW (SPAtially Referenced Regression model On Watershed 
attributes: Smith and others, 1997) is a watershed model that uses statistical and 
process-based approaches to estimate the amount of pollutant in surface waters. 
SPARROW attempts to integrate spatially representative sampling with the 
sampling of hotspots to get a view of water quality that is geographically 
representative but also descriptive about source of pollutant sources and 
watershed processes (Schwarz, 2006). The model attempts to estimate water 
quality conditions using monitoring station data and link that prediction with 
sources through spatially referencing watershed attributes (Schwarz, 2006).
The original model, created by USGS (Smith, 1997) and calibrated to the United 
States and later through a partnership between USGS and NEIWPCC calibrated 
to the Northeastern United States (Moore, 2004). The primary goal of both 
models is to establish a mathematical relationship between water quality 
measurements at monitoring stations and watershed attributes. The model uses 
a GIS (Geographic Information Systems) interface that connects watershed 
attribute information with pollutant supply and transport information. SPARROW 
is distinctive from other models because of its inclusion of spatial dimensions in 
the underlying model. The model also describes contaminant transport as a
9
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function of spatially referenced land surface and stream channel characteristics 
which allows for a better estimate of water quality.
The basic form of the SPARROW model is a non-linear regression model 
(Equation 1). Nutrient loads in the model are related to source data which are 
weighted by loss estimates from land surface characteristics (Smith, 1997). The 
inclusion of source parameters, like agricultural or developed lands, is used to 
test the statistical significance of nutrient sources. The land to water delivery 
coefficients are used to determine the significance of a characteristic to increase 
or decrease nutrient transport to streams. Loss variables are also included in the 
model to determine if nutrient loads are significantly decreased. Stream loss is 
included because of a number of biological, chemical and physical processes 
that are not distinguished in the coefficients.
Load i = {[ X Snj pn e^ a + e
Equation 1. J ^  J J
js J  (j)
The terms in the model represent either source, land to water variable, 
loss variable and the error term. Source variables, Snj, include actual measures 
of N such as point or atmospheric deposition and substitute for actual measures 
like developed land or agricultural land, and Bn is the coefficient that controls 
loads from source variables. The land to water variables, Zj include soil 
permeability, and climate characteristics like precipitation and temperature to 
explain the increase or decrease of N as it travels along the landscape a is the 
land to water transport coefficient that controls the increase or loss by being
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positive or negative. The N loss term for streams is a function of channel 
characteristics that affect stream loss, 6 is the coefficient that controls stream 
loss. Finally an error term; e is applied that is the difference between the 
predicted loads and the observed loads to minimize any bias in the model.
The nutrient load in a catchment is calculated by assuming the load at the 
downstream monitoring station will be the sum of all the sources in that 
catchment area up to the next upstream monitoring station (Figure 4). Point 
source contributions are estimated by the channel characteristics that control 
loss and determine the amount of pollutant lost from the direct contribution of 
point sources to the stream. The non-point sources are the catchment’s 
contributing area. These are estimated by using channel characteristics that 
determine loss as well as land surface characteristics that will affect loss before 
the runoff reaches the stream. The nutrient load from the basin will be the sum 
of the pollutant that is transported through the stream to the downstream 
monitoring station as well as the upstream sources that contribute to it.
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Figure 4. Representation of stream network used in SPARROW model.
‘ Source: Moore, 2004
The use of spatial referencing is critical to the model development. This
GIS technique establishes the relationships between the river network and the
watershed attributes that were used in model development (Schwartz 2006).
Data from many sources were used to connect monitored sources with human
activity in the watershed. Fertilizer estimates, population densities and climatic
data were all used in the model. This information must be linked to the correct
drainage basin in order to get an estimate of the proportion of N in that basin
using GIS operations that intersect points and arches (Schwartz, 2006). Spatial
referencing in the model allows the correct basin characteristics to connect to the
monitoring data and thus to explain loading.
Foundation of New England SPARROW Model 
Source data for the NE SPARROW model were collected from many 
sources and evaluated to get the most available data (Table 1). The SPARROW
12
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model was calibrated for 1992-1993 to maximize the number of nutrient loads 
and predictor variables.
Table 1. Data used to develop NE SPARROW model. Data are for total nitrogen model only.
Data Type Data Type Source
Nitrogen
Loads
*Annual N Calculated at nutrient load measurement 








Surface area size of
Lakes and reservoirs
National Hydrologic Dataset
Randall (1996) using NHD Catchments
NRCS 12 digit HUC’s and NED
Change in reach elevation dividing by length








US EPA, Canadian NRPI Database 
NLCD1992




* not calculated for all reaches 
Table adapted from Moore, 2002.
Loads
Nutrient load data were estimated using stream discharge and water 
quality data collected throughout New England. The nutrient data used were 
collected from a variety of sources including the USGS, EPA, state agencies, and 
from private researchers and were compiled from 1974 to 1994 (Moore, 2002). A 
regression model called ESTIMATOR uses stream discharge and water quality 
data input into a log linear equation to estimate nutrient loads. The model 
estimates concentration based on available data, season, flow and temporal 
trends for a period of time (Yochum, 2000). Some of the concentration data were
13
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inadequate for estimating load and were eliminated from the model. Of the 72 
sites that had available nitrogen data 65 sites had appropriate data to determine 
stream loading and were included in the model (Moore, 2004).
Physical Stream Network
The stream network representation in SPARROW is the most important 
component of the model infrastructure. The model uses a hydrologically 
connected stream network where nutrient loads can be transported from an 
upstream reach to a downstream reach (Moore, 2004). The network defines the 
surface water flow paths that connect contaminant sources and landscape 
features with real observations of water quality at downstream monitoring 
stations (Schwartz 2006). The model used the the National Hydrography 
Dataset (NHD) as its hydraulic network which is a digital hydrographic data 
model represented in ARC/INFO containing the stream reaches and catchments. 
There are approximately 42,000 New England catchments with an average size 
of 1.7mi2 (Moore, 2004). Reach characteristics such as length, presence of 
reservoirs and the relationship to upstream and downstream reaches have been 
assigned to each reach and this connection is critical in SPARROW to estimate 
downstream transport.
Source Data
The SPARROW model also requires information from point and non point 
sources. These sources include wastewater discharges, land use, atmospheric 
deposition and population. Wastewater discharges are based on the USEPA 
wastewater discharges dataset. This dataset is an estimate of nutrient load
14
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based on monthly or yearly discharges of total nitrogen. When data from the 
EPA National Pollution Discharge Elimination System were not available, the 
discharge limits were used in its place.
The non point sources in SPARROW were defined by land use activity, 
atmospheric deposition and census populations. Land use for watersheds were 
defined by the National Land Cover Dataset for the early 1990’s, which were a 30 
m resolution grid. Major categories of land use include developed, forested, 
barren, agricultural, open water and wetland. Atmospheric deposition sources in 
the model were described from an existing spatial model developed for the 
Northeastern United States (Ollinger et al 1993). The model predicts nitrogen 
from atmospheric deposition as a function of longitude, latitude and total 
precipitation. Human population densities were taken from the 1990 census. 
Within each block populations were assumed to be evenly distributed.
Tested Delivery Factors
Climatic and land surface characteristics were important factors in the 
SPARROW model. The climatic variables of mean annual precipitation and air 
temperature were compiled for the model. Air temperature can affect the amount 
of nitrogen that reaches streams by affecting the rates at which different 
processes like denitrification may occur. Mean annual precipitation is important 
because it will affect the volume and rate of runoff in a watershed. The estimates 
of climatic data came from the Parameter-elevation Regression on Independent 
Slopes Model (PRISM) developed at Oregon State (Smith 1992). Land surface 
characteristics including soil permeability, mean slope, stream density and
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
percent wetlands are included in the New England Model (Moore, 2004). Soil 
permabilities were defined by the NRCS State Soil Geographic and are based on 
generalized soil maps. Average slopes of the land surface were determined by 
30m NED. Stream densities were calculated as the ratio of channel length to 
drainage area and the wetland areas were calculated from the National Land 
Cover Dataset.
Land characteristics were included because they have an effect on the 
way nutrients travel over the landscape. Areas with highly permeable soils are 
expected to absorb contaminants at a higher rate than less permeable soils.
High rates of permeability will decrease the delivery of contaminants to streams 
(Smith, 1997). The slope of the land surface will have a positive effect on the 
delivery of a contaminant to surface waters. It is assumed that higher velocities 
from steeper slopes will decrease the effects of time dependent decay process. 
The density of a stream which is defined as the ratio of channel length to 
drainage area has a negative effect on land to water delivery (Schwartz, 2006). 
Wetland areas remove nitrogen through denitrification and other processes. The 
total wetland area or percent will be directly correlated to removal of nitrogen. 
They are especially effective filters at removing inorganic nitrogen (Howarth, 
1998). Wetland areas will act as N sinks in most watersheds, when their area is 
large enough to act as a filter. Higher temperatures increase denitrification and 
therefore will decrease the delivery of nitrogen to streams (Alexander, 2002). 
Higher rates of precipitation are expected to speed the delivery of contaminants 
to the stream which in turn would cause higher transport rates.
16
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The land to water delivery factor for non point sources is expressed as 
follows:
Pn e{a Zj)
The variable fin is the source specific coefficient and a is a vector of delivery 
coefficients associated with land surface characteristics Zj (Smith 1997). When 
working with the land surface characteristics the land to water delivery 
coefficients are used to test the statistical significance for the characteristic to 
increase or decrease delivery of a particular nutrients to a streams. Point 
sources and upstream sources are not affected by land to water delivery 
variables because they contribute directly to the nutrient load in streams.
The land surface characteristics that SPARROW uses may either be 
positively or negatively correlated to nutrient delivery. Stream density is 
negatively related to delivery meaning that with an increase in stream density 
there is a decrease in delivery, while soil permeability is positively correlated 
meaning that if there is high soil permeability there is an increase in delivery. The 
sign of the coefficient will depend upon the physical characteristics that are 
associated with land surface vector.
The National SPARROW model has been applied to many different areas 
inlcuding New England, Chesapeake Bay and New Zealand and in each area a 
different set of land surface characteristics were used. This shows the 
importance of determining which land surface characteristics are significant for a 
given area. In the New England Regional model, soil permeability and stream 
loss were the only delivery variables used. The coefficient estimates for land
17
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slope, percent wetland, irrigation, etc, were not used in the model because they 
were statistically weak (Smith, 1997). The Chesapeake Bay Regional 
SPARROW model, also developed from the national model, followed the same 
trends as the New England Model using only, soil permeability and stream loss 
(Preston, 1999). In the National Model only soil permeability and drainage 
density were used as coefficients (Alexander 2004). In the New Zealand 
SPARROW model soil drainages were the only coefficient out of the seven 
tested used in the final model (Alexander 2002). In each of these applications 
the same theory of calibrations were used and each model had slight differences 
in coefficients depending on the land surface characteristics of that area.
The estimation of in stream loss is important in understanding the amount 
of N that is transported to the downstream reach. There are a number of 
different processes that can occur, denitrification, sedimentation and plant 
uptake. However SPARROW does not try to model or distinguish among 
processes because it would require detailed information that is not available. 
Instead the model assumes that nitrogen loss decreases with increased stream 
flow (Smith, 1997). The model assigns mean annual flow and associated 
velocities to each reach. Mean annual flows were determined by applying data 
from a streamflow runoff map (Randall 1996) to the drainage area of each 
catchment. The mean annual flows were then calculated as the sum of the 
runoff from each catchment and upstream catchments (Moore, 2004). This 
method compared with the USGS stream gauge stations showed that 53% of the 
streams had errors less than 5% (Moore, 2004). SPARROW also requires a
18
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residency time for each reach. The residency time is determined by an equation 
from Jobson (1996) where peak velocity is found from stream flow and length. 
Velocity is then divided by the stream reach to get the residency time. In a 
comparison of velocity estimates to measured velocity data using mean annual 
flow conditions for five selected streams there were as much as 40% error 
(Moore, 2004).
The in-stream delivery of pollutant is determined from the following 
equation:
The variable 6 is a vector of first order decay coefficients associated with the flow 
path characteristics of Tij (Smith 1997). The loss of N in streams is a function of 
travel time, streamflow and if the reach is part of a reservoir. This stream flow 
loss factor is only applicable to stream with a mean flow of less than 2.83 cfs.
Model Results and Accuracy 
The New England SPARROW model predicted N loads (kg y r '1) and 
yields (kg ha'1 y r1) for each of the 42,000 reach-catchment areas. The model 
uses a bootstrap replication process to assess error in the model and to confirm 
the calibration results. A Bootstrap analysis uses a single dataset to determine 
an empirical distribution of the coefficients that replicate their true distribution 
(Moore, 2004). More information of the bootstrap process can be found in Moore 
(2004). The results of the model showed nitrogen loads that closely matched 
observed loads with an R2 of 0.95 and a mean square error of 0.16 (Moore,
2004). The final statistically significant variables were municipal wastewater-
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treatment facilities, atmospheric deposition, agricultural land, developed urban 
and suburban land, soil permeability and stream loss. The stream loss 
coefficients are an important difference between the New England SPARROW 
model and the National Model. The coefficient for the New England Model 
calibrated as much higher than the National Model; however the New England 
Model coefficient was only significant in streams with a mean flow of less than 
2.83 cfs.
The model also has a number of assumptions and limitations that need to 
be noted. There are four assumptions in the model 1) the variables and their role 
in the model are correct, 2) the error term is independent, 3) residuals are near 
normally distributed and, 4) and the residuals are homoscedastic (Moore, 2004). 
The model is strong because of a high R2 value and the precision of the model 
coefficients. The model also has shown consistent characterization of regional 
nutrient sources (Moore, 2004). The weaknesses of the model are clear when 
looking at the data used to calibrate the model and the processes the model 
attempts to measrue. Since the model requires long term monitoring data there 
is a limited number of sites available leading to the exclusion of some areas. The 
predictor variables that are used can introduce error because variables that are 
significant may not apply to all areas and since the sources are necessary for the 
entire model area local more precise data cannot be used (Moore, 2004). 
Another issue is the form taken by the model. The model only predicts mean 
annual flow conditions leaving questions about the low flow or high flow water
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quality conditions. Finally an obvious weakness of the model is that smaller 
watersheds that are further away from calibration sites have more uncertainty.
The calibration sites used in the model were mostly inland and there is a 
lack of coastal sites, especially in New Hampshire and southern Maine, which 
creates a bias towards inland watersheds (Figure 5). There are a few coastal 
sites but the vast majority of calibration sites are inland. This presents an issue 
for correct calibration of the model in coastal areas of New Hampshire. Most of 
the sites are centered on Lake Champlain and the Connecticut River and these 
inland sites have very different characteristics than the coastal watersheds. The 
New England SPARROW model predictions are centered around these 
calibration sites and large errors may occur when looking at the sites that are 
further away.
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Figure 5. Location of calibration sites in NE SPARROW. Red is for nitrogen and phosphorus, 
green is for phosphorus and yellow is nitrogen.
Goals and Hypothesis
The limitations associated with the NE SPARROW model suggest that 
smaller watersheds further from monitoring stations have more uncertainty in 
their loads. The goal of this research is to change the spatial scale for the 
calibration of the New England model in an attempt to better characterize the 
coastal New Hampshire region. In order to develop a model that predicts N 
loading correctly for the New Hampshire coastal area a model needs to be 
calibrated for the New Hampshire coastal area.
22
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In this research the New England model will be calibrated using observed 
data from sites in the Lamprey and Oyster Rivers to develop a New Hampshire 
Coastal Model that will be tested on the Cocheco, Exeter and Salmon Falls 
River. The hypotheses are 1) the NE Regional SPARROW model will over 
predict N in coastal regions; 2) wetlands are a significant loss variable; and 3) 
coefficients that better characterize seacoast New Hampshire can be used to 
develop a new region-specific version of SPARROW.





The New England SPARROW model was used as a template to develop 
a model for the coastal New Hampshire region. This required the compilation of 
data from past thesis projects (Daley 2002, O’Donnell and O'Donnell, T.E., 2004) 
and long-term monitoring data collected by the Water Quality Analysis Lab at the 
University of New Hampshire. Data for dissolved N were available for 39 sites in 
the Lamprey and Oyster watersheds, (eight sites were in the Oyster basin, 31 
were in the Lamprey basin Figure 6). Flows were determined for each of the 
sample sites by area-weighting the flow from the Oyster and Lamprey stream 
gauges.
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NH COASTAL MODEL CALIBRATION SITES
  STREAMS
•  SAMPLE POINTS 
1 | OYSTER WATERSHED
| | LAMREY WATERSHED
20 KHometer*
Figure 6. Calibration sites in the Oyster and Lamprey Watersheds.
Average annual load required mean daily flow for 2000-2006 for the 
Lamprey and Oyster gauges to correspond to the N data used in model 
calibration. Mean average annual TDN loads were calculated in one of two 
ways. The first was the product of the mean discharge weighted TDN and 
average annual flow; the second was using significant relationships between 
TDN and daily flow to predict a daily TDN during an average year and then 
multiplying it by the average annual flow. Total N concentrations were then 
calculated in two ways, by multiplying the TDN average annual load by the ratio 
of TN to TDN from the Lamprey long term monitoring site (1.17), and by adding a 
uniform average PN export of 0.4 kg/ha/yr. An assumption was made that the 
characteristics of the sites are similar enough to the entire Lamprey watershed
25
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that this relationship can be applied to all observation sites. The final TDN export 
data used in the coastal NH model calibration were based on area-weighted 
flows and discharge-weighted average concentrations. The TN exports are 
based on the incremental catchments and do not include the areas upstream of 
the sample point.
Watershed characteristics for each sample site were calculated 
incrementally as the total land use, atmospheric deposition, point source, mean 
permeability time of travel and stream flow for the incremental catchments (Table 
2). Land use data were determined for the monitoring stations incremental area. 
The New Hampshire Land Cover (NHLC) 2001 dataset as well as the NWI were 
downloaded from New Hampshire Granite to determine land use for the 
Cocheco, Lamprey, Exeter and Oyster watersheds. The NHLC datasets were 
published in 2001 but is a compilation of aerial photographs taken from 1996- 
2001. The datasets were downloaded as a raster image file and converted to a 
shapefile using the raster to polygon tool from the conversion toolset in ARCMAP 
9. Once the files were converted they were updated with the NWI. Data were 
recoded by changing NWI wetland categories to match the NHLC wetland land 
use code and removing the upland categories from the NWI (Table 3). The 
NHLC and the NWI were joined and a new field had to be created in the attribute 
table called landuse grid code. This category contained both the data from the 
NHLC and the NWI. Areas were then calculated for each watershed using the 
calculate areas tool in ARCMAP 9. This allowed for an accurate estimate of land 
use in each of the New Hampshire watersheds.
26
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Table 2. Incremental catchment characteristics and N flux/load used to calibrate the NH Coastal 
Model. TA is the total catchment area in km2, AG stands for agricultural area, DE stands for 
developed area, WE stands for wetland area, ATM DEP is atmospheric deposition measured in 
kg yr'1, SOIL PERM is soil permeability calculated as the natural log of the mean weighted soil 
permeability in inches hr'1, time of travel is the average time of travel over reaches in the 

























L1 1.3 0.140 0.198 0.072 787 -0.099 0.169 645 5.50
L10 14.7 0.173 0.059 0.989 9906 -0.002 0.062 2144 1.24
L11 5.2 0.111 0.281 0.378 3416 -0.079 0.059 862 1.48
L2 77.8 0.848 1.355 9.949 50439 0.032 0.167 15877 1.92
L3 31.1 1.995 0.924 3.047 19704 -0.035 0.1 6232 1.87
L4 51.2 2.213 2.348 4.674 33000 0.049 0.215 13411 2.60
L5 26.0 0.382 3.173 3.213 16666 0.424 0.078 8310 3.28
L6 16.8 0.268 0.900 1.661 10814 0.507 0.068 5797 3.58
L7 5.0 0.117 0.247 0.112 3307 -0.009 0.106 1638 3.36
L8 35.5 1.183 1.343 2.695 23148 0.187 0.089 7579 2.03
L9 1.9 0.120 0.020 0.202 1233 -0.069 0.059 385 1.95
Lamp 10 6.6 0.324 0.198 0.452 4405 -0.024 0.298 1014 1.33
Lamp 11 5.2 0.317 0.295 0.201 3477 -0.421 0.069 1050 1.90
Lamp 12 7.6 0.245 0.311 0.525 4991 -0.914 0.115 1241 1.44
Lamp 13 1.8 0.259 0.116 0.076 1162 -0.332 0.097 363 1.87
Lamp 14 5.4 0.002 0.009 0.805 3503 -0.077 0.137 915 1.51
Lamp 2 1.4 0.082 0.087 0.291 870 0.186 0.161 311 2.13
Lamp 3 3.0 0.030 0.009 0.388 1894 -0.013 0.135 526 1.60
Lamp 4 3.5 0.018 0.134 0.570 2288 0.066 0.079 767 2.07
Lamp 5 23.4 0.403 1.500 2.334 15470 -0.013 0.156 4520 1.79
Lamp 6 6.3 0.007 0.009 0.784 4115 0.059 0.073 1174 1.70
Lamp 7 11.3 0.111 0.321 0.880 7594 -0.012 0.1 1843 1.44
Lamp 8 13.5 0.161 0.100 1.286 9045 -0.012 0.051 2215 1.44
Lamp 9 21.9 0.630 0.452 1.144 14641 -0.002 0.081 3042 1.16
Lamprey 9.0 0.718 0.382 0.555 5549 -0.099 0.169 11502 12.8
LeeHook 30.4 2.794 1.778 5.002 18884 0.298 0.131 12897 4.50
LittleR 43.4 0.364 1.875 4.829 27455 -0.014 0.116 8416 1.80
NBranch 11.3 0.245 0.676 0.617 7456 0.263 0.127 1131 0.70
Oys1 11.7 0.330 0.351 1.388 7412 -0.005 0.107 2361 1.88
Oys2 3.7 0.623 0.260 0.408 2321 -0.172 0.075 2072 6.00
Oys3 1.3 0.210 0.055 0.153 786 -0.063 0.132 310 2.39
Oys4 3.4 0.143 0.127 0.418 2118 -0.063 0.134 725 2.01
Oys5 1.2 0.071 0.215 0.023 722 -0.063 0.083 349 3.03
Oys6 2.6 0.318 0.553 0.253 1632 -0.063 0.097 1271 5.15
Oys7 2.2 0.540 0.651 0.019 1331 -0.063 0.154 1771 9.15
Oys8 5.4 0.274 0.756 0.269 3334 -0.005 0.097 2184 4.25
Pawtuck 2.6 0.000 0.000 0.365 1717 0.000 0.063 372 1.22
RumBrook 4.9 0.331 0.308 0.564 3060 -0.175 0.214 1279 2.62
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Table 3. NWI categories and their corresponding NHLC categories




























Atmospheric depositions for the monitoring station area were determined 
by taking the area-weighted average of deposition for each of the sub-basins 
within the monitoring area. The averages in kg km2 yr'1 were then multiplied by 
the area to get a total atmospheric deposition for the area. Soil permeability’s 
were also area-weighted for each subcatchment. Time of travel for the 
monitoring station sub-basins were calculated as an average length-weighted 
time of travel. For the monitoring basins, each subcatchments reach length were 
multiplied by the TOT and summed; they were then divided by the total length of
28
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the monitoring basin. The averages were taken instead of the total because the 
N that enters the basin does not all enter at the headwaters. It is collected 
throughout the basin and therefore an average time of travel is most appropriate.
Coastal NH characteristics were related to the estimated N load using the 
following equation:
T A '  I T V  C ' R  ( a Z J ) l  ( v T y l x .Load i = {[ 2 Snj pn e ]e } + e
j s J  ( 0
In SYSTAT 12 the equation is used in a non linear regression model to develop 
coefficients for each of the variables. Loads are estimated for each catchment 
and then summed for the entire watershed. The Gauss-Newton method solved 
for coefficients in the equation.
A bootstrap analysis conducted a robust estimations of the coefficients. 
Bootstrap analysis develops an empirical distribution of the coefficients that 
approximates their true distribution using a single dataset (Efron, 1982). 
Coefficients were estimated fifty times based on the suggestions by Efron (1982) 
that the number of coefficients should be the greatest number within given time 
constraints. The number of coefficient estimations should be sufficient 
considering 200 coefficients were used for the regional model which had 42,000 
catchments. This gives the model a robust estimation of flux instead of single 
coefficient estimation. The final model coefficients are the “best fit” estimate 
based on the R2 values and confidence intervals. The fifty coefficients are then 
fit in to the NH coastal model equation to determine a predicted load for each 
monitoring site.
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The calibration data monitored loads and NH coastal model predicted 
loads were then used to determine an error term and final R2 for the model. Error 
terms were found by using a simple regression of the natural log predicted loads 
from the calibration sites against natural log of the calibration loads. The mean 
square error (MSE) of this regression is used as the error term in the model. It is 
applied by taking natural log of the load and subtracting the mean square error. 
The reverse natural log of this summation is the final load for the catchments.
Adjusted Load i = e (LN(LOAD) -  MSE)
Test Watersheds
The coastal NH model accuracy was assessed by applying the model to 
the Oyster, Exeter, Salmon Falls, Cocheco and Lamprey watersheds. They were 
delineated using the New England SPARROW model. The Exeter Oyster and 
Lamprey Rivers contribute to Great Bay and, the Cocheco and Salmon Falls 
empty in to the Piscataqua River. The watersheds are all low-lying coastal areas 
that remain largely forested although they have experienced heavy human 
population growth in recent years (Jones, 2000). In general, the water quality in 
coastal New Hampshire has improved since 1983 mostly due to improvements in 
wastewater treatment facilities (Jones, 1995). However in the past 10 years 
there has been a continuation of limitations placed on the uses of estuaries due 
to contamination so there is a continuing need to study pollutant sources in 
coastal New Hampshire (Jones, 1995). Between 1992 and 2004 the nitrate 
concentrations at some sites in Great Bay have increased 106% in some areas 
(Trowbridge, 2006). There is growing concern about the health of the Great Bay
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estuary and other coastal New Hampshire systems because of nitrogen 
increases.
The Exeter River watershed is the southernmost watershed in the study 
and is located in Rockingham County, New Hampshire. It has a total area of 231 
km2. The Exeter River has its headwaters in the town of Chester and flows east 
through Raymond, Freemont and Brentwood towards Exeter (Figure 6). After 
Exeter the river empties in to the tidal Swampscott River before it empties in to 
Great Bay. The river has a USGS gauging station located in Rockingham 
County at Latitude 42°59'04", Longitude 71 °02'20". The Exeter watershed 
remains 57% forested and land use on the river is primarily rural. Along the 
banks on the Exeter River there are conservation and recreation areas including 
a public park in Exeter and an abandoned railroad bed in Sandown and Fremont 
which is used for multiple recreational activities. Protecting water quality in the 
Exeter River is important not only because of the designation of Great Bay as a 
priority area in the state but because the river is used as a water supply for the 
Town of Exeter.
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Figure 7. Test basins used to asses model accuracy and watershed sample points.
The Lamprey River Watershed is located in Strafford County New
Hampshire and has a total area of 546 km2. The river’s headwaters are in 
Northwood New Hampshire and travels over 96 km through Deerfield, Candia, 
Epping and Lee until it becomes a tidal river in Newmarket and empties into 
Great Bay (Figure 7). A USGS gauging station is located on the Lamprey River 
at Latitude 43°06'09", Longitude 70°57'H". The watershed remains mostly 
undeveloped and is 67% forested. The Lamprey River is the largest tributary to 
the Great Bay estuary and a back up water supply for the Town of Durham. 
Recreation including boating, swimming and fishing are important activities in the 
watershed. The Town of Durham owns two recreational areas along the river 
corridor, the Doe Farm area and the Packers Falls Reservation.
The Oyster River watershed is located in Strafford County New Hampshire 
and is the smallest of the watersheds (77 km2 in area Figure 7). The headwaters
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in of the Oyster River are in Madbury New Hampshire and the river runs 27 km 
through Lee and Durham until the river empties it in to Little Bay. There is a 
USGS gauging station located at Latitude 43°08'55", Longitude 70°57'56". The 
watershed is over 50% forested and has some residential areas. The river 
corridor is similar to that of the Lamprey River in that it remains buffered by 
forested or wetland area. There is a wastewater treatment facility on the tidal 
portion of the Oyster River near Durham.
The Cocheco River watershed is located in Strafford County New 
Hampshire and has an area of 476 km2 (Figure 7). The Cocheco River’s 
headwaters are in New Durham and the river travels south through Farmington, 
Rochester and Dover before it empties in to the Piscataqua River which empties 
directly into the Atlantic Ocean. The river has a USGS gauging station located at 
Latitude 43°16'06", Longitude 70°58'27". The river is used for hydrologic' power 
in Dover. Urbanization of the watershed is around 7% and is mostly single family 
houses with some concentrated commercial areas in town centers. Along the 
river corridor there is a mix of forested buffers and former industrial areas. In 
some areas development has occurred directly up to the river bank while in 
others there is a buffer of 200 plus feet.
The Salmon Falls River watershed is located in Strafford County New 
Hampshire and York County Maine, and has a total area of 883 km2 (Figure 7) 
The headwaters of the river are at Great East Lake, Maine and the river flows 
southeast for 61 km forming a portion of the New Hampshire and Maine border. 
The river flows towards Dover where it meets with the Cocheco River to form the
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Piscataqua River before emptying into the Atlantic Ocean. The Cocheco River 
does not have a USGS gauging station. Along the river corridor there are many 
hydrologic power plants in the larger cities. The watershed is mostly contained in 
New Hampshire but does have a portion in Maine. Sixty percent of the 
watershed is forested and there are also large wetland complexes along the river 
which increase in area moving towards the ocean.
Land Use Comparison
Land use data updated with the NWI were determined for each of the test 
watersheds. The Cocheco and Exeter watersheds were determined using the 
NHLCD and the NWI, similar to the Lamprey and Oyster land use which were 
determined for the calibration data. The Salmon Falls watershed is partially in 
Maine which required the use of the Maine Land Cover dataset (MELCD) as well 
as the NHLC 2001 and the NWI. The MELCD categories were recoded to match 
the NHLCD (Table 4). The MELCD datasets were updated with the NWI by 
recoding the NWI to the NH wetland codes (Table 3). Once the land use files 
were finished the codes matched the NHLC codes and they could be joined and 
the areas were calculated. Land use areas were then summed for each of the 
seven land use categories for the NH coastal model (Table 4).
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Table 4. Land use categories from the NH Coastal model, corresponding categories are from the 
NH Land Cover and Maine Land cover dataset. ____
NH Coastal 
Land Use
NHLCD Categories MELCD Categories
Barren Tundra, Sand Dunes, Bedrock 
Vegetation, Cleared Land, 
Disturbed Land
Unconsolidated Shore, Bare Land, 
Clear Cut, Heavy Partial Cut, Alpine 
Tundra
Agriculture Row Crops, Hay Pasture Cultivated Land, Pasture Hay, 
Grassland, Blueberry field
Forest Beech Oak, Hardwood, Red White 
Pine, Paper Birch Aspen, Spruce 
Fir, Hemlock, Pitch Pine, Mixed 
Forest, Alpine
Deciduous Forest, Evergreen Forest, 
Light Partial Cut, Forest Regrowth 
Mixed Forest, Shrub/Scrub,




Developed High/Medium Intensity, 
Road, Developed Low Intensity
Wetland Forested Wetland, Non Forested 
Wetland, Tidal Wetland
Forested Wetland, Wetland
Polygons for the wetland area calculated by ARCMAP 9 were compared
with those polygons from the NWI dataset to make sure the areas were 
calculated correctly. Areas for each polygon were calculated in ft2 and also 
compared with New England SPARROW polygon areas. The attribute table for 
the updated land use layers for each test watershed were summarized to get the 
area for each landuse category for the NH coastal land use. The attribute table 
for each of the watersheds in SPARROW were also summarized to get the total 
for each land use category. This resulted in a total area for each land use 
category for each watershed from the NH coastal model and the NE SPARROW 
model that could be easily compared.
Test Site N Flux
Nitrogen samples were taken in the rivers to compare the NE SPARROW 
predicted values and the NH Coastal model values with real measured data. The 
Lamprey, Cocheco, Oyster and Exeter Rivers each have a USGS stream gauge 
that monitors flow. Samples were taken six times, three in the fall and three in
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the spring to get the best possible estimate of N flux. The analyses of these 
samples were run at the Water Quality Analysis Laboratory at the University of 
New Hampshire. For each sample the following N species were analyzed total 
dissolved N (TDN), N03, NH4, and particulate N. Samples for dissolved N 
species were field filtered using pre-combusted GF/F filters at each sites into a 
60ml HDPE bottle. These bottles were frozen until all samples were collected. A 
Shimadzu TOC-V was used to determine TDN and a Smartchem robotic 
Analyzer was used to detect NO3 and NH4 colorimetrically. At each site 8 L of 
water were taken to filter for %C and %N and suspended sediment. Pre weighed 
filters were used to determine suspended sediments and the amount of water 
filtered was recorded. Filters were then dried for 24 hours, weighted, cut in half 
and placed in foil for later analysis. The samples for particulate N were run in a 
Perkin Elmer 2400 series II CHN analyzer. To get the concentration of 
particulate N, % N of particulate matter was multiplied by total suspended solids. 
Total N was calculated as the sum of TDN and particulate N.
N fluxes for the test watersheds were determined using flow data from 
USGS and the total N measured data. Average daily flow data were downloaded 
for water years 2000-2006 from the USGS. Flow weighted TDN concentrations 
were calculated by multiplying the TDN concentration by the flow from the day of 
the sample. These were then summed and divided by the total flow from the 
sample days. Flow weighted concentrations were used to determine flux (kg yr"1) 
by using an estimate of long-term annual flow (m3 yr"1). Samples in most 
watersheds were taken at the mouth of the river downstream from gauging
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stations. The average yearly flows at each gauging station were divided by the 
drainage area of the gauging station to determine the average annual runoff. 
Runoffs for each USGS gauging station were then multiplied by the area of each 
test watershed to determine long-term average annual flow. The Salmon Falls 
watershed did not have a stream gauge so daily and yearly stream flow had to be 
estimated based on the runoff from the Lamprey watershed which was the 
closest in size. Flux estimates were then determined from the flow estimate and 
the mean-weighted TN concentrations. These flux estimates were used to 
compare with the modeled data from the SPARROW and NH Coastal model.





Calibrating the model to the NH coastal region created a new set of 
coefficients specific to the area. The final NH coastal model coefficients are the 
estimated best fit coefficients for the model while the bootstrap coefficients are 
the average of the fifty bootstrap replications (Table 5). The final NH coastal 
model coefficients are similar to the coefficients for the New England SPARROW 
model. However, the standard errors for some of the coefficients are much lower 
for the NH coastal model (Table 6). In addition wetlands are a source variable in 
the NH coastal model, but were not significant in the New England SPARROW 
model. The final NH coastal model has an R2 of 0.89 and a mean square error of 
-0.14 the R2, both calculated from the regression of the natural log of predicted 
loads to monitored loads (Figure 8).
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Table 5. Bootstrap and final model coefficients and standard errors for the New Hampshire 
Coastal Model.
Significant Predictor Final Mode Standard Bootstrap Standard
Variables Coefficient Error Coefficient Error
Source:
Agricultural Land (kgkmV1) 1522 219 1551 454
Developed Land (kgkmV1) 944 168 961 414
Atmospheric Deposition1 .075 .03 .12 .06
Point Sources .75 .69 .89 .19
Wetland 733 249 633 371
Land to Water:
Soil Permeability1 .437 .129 .38 .31
Loss Variable:
Stream Loss2 0 .782 -.179 .351
1. Dimensionless
2. Small streams with mean annual flow less than or equal to 2.83 m3/s (100 ft3/s)
Table 6. Bootstrap and final model coefficients for the New England SPARROW model.
Significant Predictor Final Mode Standard Bootstrap Standard
Variables Coefficient Error Coefficient Error
Source:
Agricultural Land (kgkmV1) 895 335 910 362
Developed Land (kgkmV1) 1032 366 988 385
Atmospheric Deposition1 .37 .06 .36 .07
Point Sources 1.11 .36 1.13 36
Land to Water:
Soil Permeability1 .37 .14 .36 .14
Loss Variable:
Stream Loss2 .78 .49 .71 .52
1. Dimensionless
2. Small streams with mean annual flow less than or equal to 2.83 m3/s (100 ft3/s)
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Figure 8. Regression of the natural log of observed vs predicted loads from the calibration sites.
p = 0.000.
The agricultural coefficient indicates that for each km2 of agricultural land 
1522 kg of N occurs in streams per year (Table 5). This is higher than the New 
England Model coefficient of 895 (Table 6). The standard error of the coefficient, 
219 is lower than the New England model coefficient of 335. The NH coastal 
coefficient indicates that there is more transport from agricultural areas than the 
New England SPARROW model.
The coefficient for developed lands indicates that for each km2 of 
developed lands 944 kg of N is delivered to surface waters (Table 5). This 
coefficient is similar to the coefficient for the New England SPARROW model of 
1032 (Table 6). The coefficient is higher than the Chesapeake Bay Watershed 
coefficient of 785 kg km2yr'1 (Preston, 1999).
The coefficient for point sources indicates that for every kg of nitrogen that 
is released from a site 0.075 kg will be measured downstream (Table 5). This is 
lower than the New England model coefficient of 1.11 but within the standard 
error (Table 6). The standard error for the NH coastal coefficient is 0.699.
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The coefficient for atmospheric deposition indicates that for every kg of N 
that is deposited on the land surface 0.75 kg will be transported to surface waters 
(Table 5). This is much lower than the New England Model coefficient of 0.37 
(Table 6) and the standard error was very low as well.
The only delivery variable that was found to be significant in the New 
England SPARROW model was the mean weighted natural log of the soil 
permeability. For the New England SPARROW model this coefficient was 0.37 
with a standard error of 0.06 (Table 6). The coastal New Hampshire model 
coefficient was 0.43 which indicates slightly higher transport to rivers than the 
New England SPARROW model (Table 5). The standard errors of the NH 
coastal model and New England SPARROW model show that the coefficients 
are similar.
The stream loss coefficient only applies to streams that have a mean 
average flow of less than 2.83 m3 s'1 (100cfs). Of the calibration sites 38 of the 
39 sites had stream flow of less than 2.83 m3 s'1 of the 887 reaches that are in 
the five test watersheds 801 or about 90% have a value below this threshold.
The coefficient for the New Hampshire Coastal model was 0 however the 
bootstrap coefficient was -0.179 which indicates that stream loss does occur 
(Table 5). Both estimates of this coefficient are less than the New England 
Model coefficient o f -0.78 suggesting that less stream loss occurs in the coastal 
region (Table 6).
The wetland coefficient was originally tested as an additional land to water 
vector for N loss. When this additional vector was included the R2 of the model
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was very low and the relationship was not strong. The relationship between 
wetland area and N load was examined (Figure 9) and wetland was then input in 
to the model as a source variable based on this relationship. When wetland was 
included as a source the model R2 increased greatly. The final model coefficient 
indicates that 733 kg of N will be seen in streams for each km2 of wetlands in the 
catchment (Table 5). The standard error of this coefficient was relatively low.
15000 y = 1830.1 x+ 897.05 
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Figure 9. Relationship between the observed nitrogen loads used in the calibration of the model 
and the wetland area in the sub-basins, p value 0.000.
Given that the relationship between wetland area and N load was so 
strong further analysis was done to determine if wetland is a valid source 
variable. The relationship between N load and total area (Figure 10) and wetland 
area and total area (Figure 11) were also examined.
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20000 y = 219.77x + 430.11







Figure 10. Relationship between total area in km2 and the observed nitrogen load in kg yr'1 for
the NH Coastal calibration sites, p value 0.000.
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Figure 11. Relationship between total area in km2 and the wetland area in km2 for the NH 
Coastal calibration sites p value 0.000.
It is difficult to determine if wetland area is a reliable source variable or if
the relationship is affected by the relationship between total area and N load.
Wetland area increases with increased total area in a watershed (Figure 11).
To further analyze the relationships of land use, N load and total area the
following relationships were looked at, total area and agricultural area (Figure 12)
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and total area and developed area (Figure 13). These relationships are not as 
strong as the relationship between total area and wetland area but still bring up 
questions about their validity as use for a source variable. N load from a 
watershed increases with an increase in agricultural and developed area but if 
this is coupled with an increase in total area the actual connection may be slightly 
skewed.
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Figure 12. Relationship between total area in km2 and the agricultural area in km2 for the NH 
Coastal calibration sites, p value 0.000.
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Figure 13. Relationship between total area in km2 and the developed area in km2 for the NH 
Coastal calibration sites, p value 0.000.
Land Use Comparison
Cumulative land use in the five watersheds was compared for the NLCD 
1992 estimates and the 2001 NHLCD land use (Table 7). The NHLCD 2001 
represents the land use data updated with the National Wetlands Inventory. 
Wetland area had the most drastic change between the two evaluations of land 
use. Forest areas decreased slightly. In most watersheds agricultural areas 
decreased as well. It should be noted that these changes do not necessarily 
represent changes overtime since the NHLCD 2001 was a more accurate 
dataset for the area then the NLCD 1992 that SPARROW used.
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Table 7. Percent Land use as determined from NLCD 1992 and NHLC 2001 updated with NWI 
for the five test watersheds.__________________________________________________












Percent Change in Watershed 
Lamprey Oyster Cocheco Salmon Falls
Barren 1.3 0.72 1.6 0.96 1.0
Agriculture -3.7 -3.4 -2.5
COCO1 -1.0
Forest -4.2 -0.8 2.5 5.5 -4.4
Water 0.22 -0.65 -1.6 -0.79 0.40
Orchard 0.17 0.07 0.45 0.09 0.00
Urban -2.17 -0.16 -0.53 -1.8 -0.49
Wetland 7.89 4.5 3.8 1.66 7.5
Changes in each of the watershed were similar to the land use changes 
for the entire NH coastal model (Table 8). The change that will likely most affect 
the results of the model is the decrease in agricultural land for each of the 
watersheds. The decrease was highest for the Cocheco River watershed and 
lowest for the Salmon Falls River watershed. Another change that is likely to 
affect the model results is the increase in wetland area. The Salmon Falls River
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watershed had the highest amount of wetland increase while the Cocheco River 
watershed had the lowest. Barren area and water remained relatively consistent 
between the two model estimates. Urban area decreased slightly in most 
watersheds but had little change overall. Most land use categories had little 
change but the larger changes in agricultural area and wetland will probably have 
an impact on the model results.
Testing Model Accuracy 
NH Coastal model predictions were compared with the SPARROW model 
predictions for the 5 test watersheds (Figures 14 and 15). The NH Coastal 
Model had much lower predictions for the watersheds. The average predicted N 
load for the coastal catchments was 2.0 kg ha"2 yr"1 based on the NH coastal 
model and 5.0 kg ha'1 yr"1 based on the NE SPARROW model. Fewer 
watersheds had predictions over 6 kg ha"1 yr"1 in the NH coastal model than the 
NE SPARROW model (Figure 14 and 15). The total fluxes tended to increase 
towards the outlet of the rivers in the watersheds for the NH Coastal model. In 
the NE SPARROW model predictions the higher fluxes were not limited to the 
southern portions of the watersheds and extended in to higher reaches and 
headwater streams.
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Nitrogen Flux in Coastal New Hampshire
SALMOM fA LLS
Figure14. TN load in the five coastal watersheds as predicted by the NH Coastal model
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Nitrogen Flux in Coastal N ew Hampshire
LM W R6Y
Figure 15. TN load in the five coastal watersheds as predicted by the SPARROW Model.
Exeter River Watershed
TN flux predicted by the NH Coastal model for the Exeter watershed 
averaged 2.82 kg ha'1 yr'1, and ranged from 1.19 kg ha'1 yr"1 to 6.07 kg ha'1 yr"1. 
The NE SPARROW model predicted an average TN flux of 5.75 kg ha'1 yr"1 and 
a range of fluxes from of 3.24 kg ha"1 yr'1 to 13.06 kg ha'1 yr'1. The fluxes tended
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to increase moving downstream towards lower reaches in the watershed and 
headwater reaches had lower predictions for both models.
Source contributions for the NH Coastal model varied greatly from the NE 
SPARROW model for the Exeter River Watershed (Figure 16). In the NE 
SPARROW model the highest source contribution was from atmospheric sources 
however in the NH Coastal model atmospheric sources were much lower. The 
NH Coastal model predicted agriculture and wetland as the highest sources.
This wetland source is slightly higher than atmospheric sources and it should be 
noted that the total of atmospheric and wetland source would be approximately 
half of the total load for the Exeter River Watershed. In the NE SPARROW 
model the atmospheric contribution was approximately half of the total load.














Figure 16. Nitrogen sources generated within the Exeter River Watershed for the NE SPARROW 
and New Hampshire Coastal Model in thousands of kg per year.
Oyster River Watershed
The NH Coastal flux predictions for the Oyster River watershed had an
average of 6.01 kg ha"1 yr'1, a low of 1.20 kg ha'1 yr'1 and a high of 136 kg ha'1 yr'
50
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1. The NE SPARROW flux predictions for the Oyster River watershed had an 
average of 11.41 kg ha'1 yr"1, a low of 3.49 kg ha'1 yr"1 and a high of 223 kg ha"1 
yr'1. The highest prediction for the Oyster River watershed is a result of the point 
source contribution and affects the average for both the NH Coastal and NE 
SPARROW model. The flux predictions for the NH Coastal model were fairly 
consistent throughout the watershed while the predictions for the NE SPARROW 
model increased moving downstream.
Nitrogen source contributions varied greatly between the NH coastal 
model and the NE SPAROW model (Figure 17). The NE SPARROW model 
predicted atmospheric contribution as the largest source of TN. Atmospheric 
sources decreased greatly in the NH coastal model. Agricultural contribution was 
slightly increased in the NH Coastal model when compared to the NE 
SPARROW model. Predictions for point sources decreased in the NH Coastal 
model. This is something that can be compared to existing, much more recent 
and directly measured data (Bolster et al. 2004, Trowbridge 2006); it should be 
compared given the illogical nature of a conclusion that point source contribution 
can be that different between models. Urban source contribution decreased in 
the NH Coastal model from the NE SPARROW model. The wetland source in 
the NH Coastal model was the smallest source.
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Figure 17. Nitrogen sources generated within the Oyster River Watershed for the SPARROW 
and New Hampshire Coastal Model in thousands of kg per year.
Lamprey River Watershed
The NH Coastal flux prediction for the Lamprey River Watershed had an 
average of 2.38 kg ha'1 yr'1, a low of 0.68 kg ha'1 yr'1 and a high of 14.97 kg ha"1 
yr'1. The NE SPARROW flux predictions for the Lamprey River Watershed had 
an average of 4.70 kg ha'1 yr'1, a low of 2.95 kg ha'1 yr'1 and a high of 16.11 kg 
ha'1 yr"1. The fluxes for both the NH Coastal predictions and the NE SPARROW 
model were higher in the lower portions of the watershed. The NE SPARROW 
higher predictions reached higher in to the watershed.
Source contributions varied significantly between the NH coastal and the 
NE SPARROW model (Figure 18). In the SPARROW model, atmospheric 
sources were the largest contribution. In the NH Coastal model, atmospheric 
sources accounted for % of the total source contribution. The NH Coastal 
models largest source contribution is wetland sources. Urban sources
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contributions were similar for the NH Coastal and NE SPARROW model. Point 
sources decreased slightly from the NE SPARROW model to the NH Coastal 
model. Although the agricultural total source decreased in the NH coastal model, 
the percentage of contribution from agricultural increased in the NH coastal 
model from 16% to 20%.
Sources of Nitrogen in the Lamprey Watershed
250










Figure 18. Sources of nitrogen generated within the Lamprey River Watershed for the 
SPARROW and New Hampshire Coastal Model.
Cocheco River Watershed
The NH coastal flux predictions for the Cocheco River watershed had an
average of 5.97 kg ha"1 yr'1 a low of 0.54 kg ha'1 yr'1, and a high of 611. The NE
SPARROW flux predictions for the Cocheco River watershed had an average of
10.98 kg ha'1 yr"1 a low of 2.27 kg ha'1 yr'1, and a high of 977 kg ha'1 yr'1. The NH
Coastal model and the NE SPARROW model both predicted higher fluxes in the
lower portions of the watershed.
Source contributions between the SPARROW and NH Coastal model
varied greatly for the Cocheco River watershed (Figure 19). The SPARROW
model predicted atmospheric as its primary source while in the NH Coastal
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model atmospheric sources were lower. The NH Coastal model had an 
atmospheric contribution that was less than 25% of the total N contribution. The 
NH Coastal model predicted point sources as the largest point source 
contributions. The urban source contribution for the NH Coastal model was 
slightly decreased from the NE SPARROW model. Agricultural sources were 
comparable for both models. The wetland source contribution in the NH Coastal 
model was similar to the atmospheric contribution.











Figure 19. Sources of nitrogen generated within the Cocheco River Watershed for the 
SPARROW and New Hampshire Coastal Model thousands of kg per year.
Salmon Falls Watershed
The NH Coastal model flux predictions for the Salmon Falls River 
watershed had an average of 5.21 kg ha'1 yr'1, a low 0.48 kg ha"1 yr'1 of and a 
high of 443 kg ha"1 yr'1. The NE SPARROW model flux predictions for the 
Salmon Falls River watershed had an average of 8.14 kg ha'1 yr'1, a low of 0.88 
kg ha'1 yr"1, and a high of 716 kg ha'1 yr'1. The high source contributions were
54
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from catchments that had point source contributions. The predictions for both 
models increased moving downstream.
The source contributions for the NH Coastal and SPARROW model were 
drastically different (Figure 20). The SPARROW model predicted atmospheric 
contribution as the largest source contribution but the NH Coastal model 
predicted much lower atmospheric contribution. Agricultural sources contribution 
increased in the NH Coastal model. Point sources remained constant. The 
largest source contribution for the NH Coastal model was agriculture. The urban 
source contribution was slightly decreased in the NH Coastal model compared to 
the NE SPARROW model. The additional wetland source in the NH Coastal 
model was similar to the agricultural and point source contribution but was less 
than % of the total source contribution.
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Figure 20. Sources of nitrogen in the Salmon Falls Watershed for the SPARROW and New 
Hampshire Coastal mode in thousands of kg yr'1.
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Comparison with Monitored N Load
Monitored N loads in the test watersheds were lower than both the NH 
coastal and NE SPARROW predicted N loads (Table 9). The greatest difference 
between the monitored loads and the two predictions were seen in the Cocheco 
and Salmon Falls watersheds (Figure 20). The NH Coastal Model predicted 
lower N loads than the NE SPARROW model and was thus more similar to the 
monitored loads. The Lamprey watershed predictions from the NH coastal model 
were closest to the monitored loads. The NH Coastal model predicted about 
20% less N load from the watershed than the SPARROW model. The Exeter 
River Watershed predicted load was lower than the SPARROW prediction; the 
NH Coastal load was much closer to the monitored load. The Oyster River 
Watershed had the lowest load and its predictions for both the NH Coastal Model 
and the SPARROW model were greater than the monitored load though the NH 
coastal model was less than the SPARROW load. The load predictions for the 
NH Coastal model were closest to the monitored load in the Lamprey and Oyster 
River watersheds; probably in part due to the fact that sub-catchments in the 
Lamprey and Oyster were used to calibrate the model.
















Lamprey 547 313.06 113389 0.354 113398 2.07
Oyster 79 20.35 18782 0.49 22777 2.8
Exeter 231 115.11 57022 0.39 57022 2.46
SalmonFalls 854 569.84 207993 0.44 223901 3.75
Cocheco 484 147.06 179409 0.63 179409 2.62
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Figure 21. Comparison of flux estimates for the watersheds from monitored loads and the NH 
Coastal and SPARROW model prediction, N in MG yr'1. Salmon Falls Flow estimated from area 
weighted ratio
TN fluxes in kg ha'1 y r1 can also be used to compare between watersheds 
and prediction methods (Figure 22). The flux predictions for the monitored loads 
were consistent ranging from 2.0 kg ha'1 yr'1 for the Lamprey to 3.7 kg ha 1 yr'1 in 
the Cocheco. These predictions were closely matched by the NH Coastal model. 
The NH Coastal model lowest prediction was 2.2 kg ha'1 yr'1 in the Lamprey 
River, while the highest was 4.5 kg ha'1 yr"1 in the Oyster. The highest monitored 
flux does not match the highest NH Coastal load. The NE SPARROW lowest 
prediction was 3.77 kg ha'1 yr'1 for the Lamprey and the highest prediction was 
6.9 kg ha"1 yr'1 for the Cocheco. These high and low predictions match the 
monitored flux high and low.
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Figure 22. Flux estimates for each watershed from monitored loads, NH Coastal and NE 
SPARROW




Model Coefficients and Loads
The total loads generated within the watersheds by the NH Coastal 
model were lower than the total loads predicted by the New England 
SPARROW model. This is consistent with other research that has been done in 
the area that indicates that the New England SPARROW model predictions are 
about 30% higher then actual measured data (Trowbridge, 2006). The New 
Hampshire Coastal model is limited by the fact that the atmospheric deposition, 
point source and soil permeability data were taken from the New England 
SPARROW model and there may have been some increase in atmospheric 
deposition, and point sources which are not taken in to account in this mode. It 
is also limited in that the model only takes in to account stream loss that occurs 
within the watershed when the N was generated and does not take in to 
account loss that may occur downstream. However this limitation appears to 
only affect the accurate prediction of N loss and not the accurate prediction of 
total N.
Soil permeability is likely to be the same between the calibration of the 
NE SPARROW model 1992-1993 and the NH coastal model 2000-2006.
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Higher soil permeability indicates that more N is directly infiltrated to groundwater 
and transported to streams more quickly. Lower soil permeability indicates that 
the infiltration is slower and there is more time for biological and physical 
interaction and loss of N to occur (Moore, 2002). The coefficient for soil 
permeability in the NH coastal model was similar to the NE SPARROW model.
The atmospheric coefficient for the NH coastal model was lower than the 
New England SPARROW model coefficient indicating that atmospheric 
deposition is less important in driving river N fluxes in my coastal model than in 
NE SPARROW. Because the actual deposition used is identical in the two 
models, the smaller impact of atmospheric deposition in the coastal model 
means that more of the N in atmospheric deposition has been retained or lost in 
the watershed, and is not delivered to surface waters
There are two main factors that contribute to the increase in urban 
contribution in the coastal areas of New Hampshire: population density and 
impervious areas. Nitrogen loads and concentrations in rivers are correlated with 
human population densities in the watershed (Vitousek, 1997). In coastal areas 
human populations are denser than in more inland regions. Denser human 
populations lead to increases in lawn fertilizer, pet excrement and street dust 
(Schnidler, 2006). Not only do the coastal areas of New Hampshire have higher 
population densities, they also have an increased percent urban area than more 
inland sites. These urban areas also have more impervious areas. They also 
tend to have development closer to rivers than more inland areas, which would 
increase N loading to rivers. If development occurs along side streams the runoff
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
has no chance of infiltration because it will travel from pavement to river. 
Channelization of streams and the reduction of buffer zones lead to the efficient 
delivery of N to streams (Schindler, 2006). In more inland sites the runoff will 
have a chance to travel from pavement and potentially over grass or forest 
before it is input to streams.
Agricultural sources were lower due to a decrease in agricultural land in 
the updated land use; this is due to the decrease in agricultural land as well as 
the higher degree of accuracy in the NLCD. The decrease was significant and 
can be tied to an overall trend of a decrease in agricultural activity between the 
1990’s and 2000’s (USDA, 2007). The decrease in agricultural area is a 
reflection of the changes in agricultural area the region (USDA, 2007). The area 
treated with agricultural fertilizers decreased from 1993 to 2000 (USDA, 2007). A 
decrease in fertilizer use will decrease the amount of N that is transported to 
streams. In addition, not only the acres treated but the amount of fertilizer used 
to treat lands decreased (USDA, 2007). The relative source contribution did not 
decrease significantly and this is likely due to the fact that although there may not 
be a large agricultural area, when agriculture is present the N load from the area 
is large.
The point source coefficient was similar to the New England SPARROW 
coefficient but is likely more accurate then the New England SPARROW model 
coefficient. Inputs of N from point source cannot increase with distance 
downstream. However since only one site with point source contribution was 
used to calibrate the NH coastal model the coefficient may not be as reliable.
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The downstream contribution of each point source is slightly lower than the 
amount of N that is discharged which is a realistic model of real world conditions.
The steam loss coefficient is one of the limitations of the NH Coastal 
model. Since the statistical software used to create this model does not have the 
power to separate out watersheds that have streamflows of less than 2.83 m3 s'1 
and it cannot measure loss from upstream sources this coefficient is the least 
reliable. However since the model appears to be accurate it is likely that this loss 
coefficient was taken in to account by the other variables.
The NH Coastal model has an additional source coefficient that represents 
N contribution from wetlands. Originally, wetland area was tested as a land to 
water vector for N loss. There is abundant research that supports the idea that 
wetlands act as a filter for N runoff (Howarth 2002, Carco 2003). Loss of 
inorganic N occurs in wetlands as a result of the residency time of N and 
denitrification. Many of these studies only measured nitrate concentrations and 
denitrification rates and do not measure total N. When total N is considered 
wetlands may be a source of N due to the production of DON in wetlands 
(Stepanauskas, 1999). The amount of DON from wetland area may be so large 
that wetlands may be the largest contribution of N in some watersheds 
(Stephanauskas, 1999). This can be seen in the NH Coastal model. In some 
watersheds that have limited amounts of N from urban sources, and wetland 
area is the largest contributor of N due to the load of DON.
Wetlands may be a significant source of N in watersheds where total N is 
dominated by DON. Again the focus here should not be the source contribution
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of wetland area but the reliability of the source variable. The NE SPARROW 
model uses extensive measures of source contribution such as land use when a 
surrogate measure of pollutant mass is needed (Schwartz, 2006). The concern 
with using spatially extensive sources is that they are not a direct measure of 
pollutant mass and may be affected by other relationships, such as the increased 
stream flow with increased surface area.
Implications for New England SPARROW Model 
The New England SPARROW model was created to support water quality 
management activities. If management programs are developed for coastal 
watersheds based on SPARROW predictions, the limited information about 
coastal watersheds incorporated into SPARROW may reduce its reliability. The 
SPARROW model has several recognized limitations, in particular assessing 
small watersheds and watersheds that are further from monitoring stations 
(Moore, 2004). The five watersheds in this study were in coastal New Hampshire 
where no calibration sites in the original model existed. This resulted in the 
exclusion of a source variable; wetland area. Mis-management can occur for two 
reasons, the exclusion of a variable from the model or the over- or under­
representation of a given source variable. The use of extensive measures, for 
example land use as a measure for N load, is necessary because non point 
sources are not easy to measure. Any measure of source contribution that is not 
a direct measure should be examined closely before inclusion in a model. A 
model variable’s validity is a reflection of its range of values for the parameter 
remaining constant in time (Johnes and Butterfield, 2002). Most of the
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parameters in the NE SPARROW model will remain constant but this may be 
more a reflection of their relationship to total area and not a reflection of their true 
validity as a source variable. The source variables used in the NE SPARROW 
model will remain constant in time, N load from agricultural area and developed 
area are not likely to decrease greatly. However if these relationships have other 
factors that are not included they may not be valid. Wetland areas may always 
be represented as a source because the relationship between wetland area and 
total area will hold it constant in time. The use of total wetland area for a source 
variable is definitely suspect but a relationship between wetlands and increased 
N load still may exist. Compensating for this will require the use of another 
measure, and “% wetland” may be a better source variable to account for the 
relationship between total area and wetland area. Changes in management 
practices over time, such that N delivery per ha of land has decreased over time, 
present another possible problem for the model. Re-calibration of any watershed 
model will be needed if these delivery coefficients change over time.
Another important factor when dealing with model accuracy is the spatial 
scale at which it was calibrated. The New England SPARROW model is an 
accurate model when looking at large spatial scales. At large scales like the 
Chesapeake Bay the model predicts accurately (Preston, 2002). However at 
small scales the model predictions are less reliable (Moore, 2004). The issue 
with the model is that it misses local environmental factors that control pollutant 
source and transport on a small scale. Error in a model is most commonly 
generated by the spatial scale at which it is applied (Johnes and Butterfield,
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2002). The wetland source that was significant in the NH coastal area may not 
be significant over the entire NE SPARROW model area. For example in more 
inland regions where wetland area may be much less, DON load from wetlands 
may not be big enough to make wetlands a significant source, and in fact in 
some inland areas wetlands may be a vector for N loss due to denitrification 
(Hanson, 1994, Pinay 1993). The characteristics of the coastal region are very 
different from other regions in New England. The model and variables need to 
be applied at the appropriate spatial scale that will take into account local control 
variables.
The significance of the wetland variable at this spatial scale brings up the 
notion that there may be additional variables that are significant in some regions 
that were not included in the original model. For example in mountainous areas 
characteristics effecting atmospheric deposition like precipitation and 
temperature may be significant even though they are not significant over and the 
entire model area (Ollinger, 1993). This is not to say that the model is not 
effective, over the entire New England area. The importance is that with interest 
in variability at a smaller spatial scale more data sources and variables need to 
be evaluated for significance. This may not be an important topic for the large 
agencies that produce these models but it will be important for small watershed 
groups who are looking for an effective N model. The New England SPARROW 
model can be used and built upon to characterize any area of interest.
The most reliable estimates of flux are determined from monitoring data 
taken from multiple sites in a watershed. Obtaining such monitoring data may be
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an unrealistic goal for most watersheds given the budget restraints that most 
environmental agencies are facing (Schwartz, 2006). It is necessary for most 
management activities to therefore rely upon models and other estimates of 
water quality. Since models are necessary their accuracy needs to be evaluated 
for every watershed they are applied to. The best predictions will be made when 
a model is used that was calibrated to a watershed that is of comparable size 
and characteristics (Johnes and Butterfield, 2002). The next step is to develop a 
statistical software program that uses the same basic approach as SPARROW 
but allows the user to input their own dataset or allows the user to select 
variables. This would create a model that is adaptable and could potentially be 
accurate at many spatial scales.
Management in Coastal New Hampshire 
The sources of N predicted by the NH Coastal model suggest that the 
largest sources are atmospheric N and wetlands. There are a few issues with 
managing the wetland coefficient. If there is N load from wetland, it is a natural 
source and to suggest that wetlands should be filled to prevent coastal 
euthrophication would result in other unanticipated detrimental effects. Wetlands 
are valuable resources areas and provide wildlife habitat and pollutant filtering 
functions (Hanson 1994). Reducing wetland area is not a proper management 
activity. There are also questions regarding the accuracy of the wetland source 
so it is difficult to say if wetland is the largest source. However in watersheds 
where wetlands are contributing DON and that DON dominates the TN load the 
wetland source cannot be ignored. If modelers are truly concerned with
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understanding source variables then all source variables should be included 
even if they cannot be controlled. Atmospheric sources are the other large 
source but controlling atmospheric contribution is difficult, especially at the local 
watershed scale. It has been demonstrated that atmospheric deposition is 
highest in the northeastern United States (Howarth, 2002, Ollinger et al 1993). 
The difficulty with controlling atmospheric deposition is that it often requires state 
wide or interstate regulation changes on emissions. A way to control 
atmospheric deposition in the local area is to encourage the decrease of fossil 
fuel consumption. Watershed and community groups can lead initiatives to 
control heating and
Other contributing sources like agricultural area and developed area are 
likely easier to control on a smaller spatial scale. Using fertilizers on crops is 
often necessary, however only 45% to 75% of nitrogen applied as fertilizer is 
removed by crops in the United States (Carpenter et al 1998, Howarth 2002). 
Management of agricultural areas need to encourage farmers to apply less 
fertilizer at the right times of year to reduce the amount of total fertilizer used and 
therefore the amount of fertilizer that can runoff to surface waters. In addition 
irrigation practices need to be altered to be more effective in keeping fertilizer on 
the crops and not causing excess N in runoff. Developed areas increase in N 
because of high human population density (Howarth, 2002, Carpenter et al 
1998). Watershed and community groups can encourage homeowners to use 
less or no N fertilizers on their lawns. Golf courses or other manicured lawn 
areas also can be encouraged to use less fertilizer that will likely have an effect
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on the amount of N that is input so surface waters in these areas. Management 
at this scale needs to focus on small changes that can be made to have the most 
impact on N load.
Conclusions
The New Hampshire coastal model predicted lower N fluxes for coastal 
NH than the NE SPARROW model, better characterized land use coefficients 
and was based on more accurate local land use data. Characteristics in the 
coastal region were not described adequately by the NLCD data or the New 
England SPARROW model. TN flux predicted by the NH Coastal model better 
reflected monitored TN fluxes in the 5 Great Bay watersheds than the NE 
SPARROW model. There are however limitations associated with the NH 
Coastal model. The NH Coastal model was unable to measure stream loss from 
upstream sources and this coefficient was not measured directly but rather 
compensated for by other variable coefficients. This prevents users from being 
able to measure stream loss directly. The other major limitation is that some 
data sources, soil permeability, atmospheric deposition and point sources, were 
taken directly from the NE SPARROW model and therefore do not account for 
any source increase that may have occurred or local spatial variability not 
captured in the regional model. The final limitation is that only one calibration 
catchment contained a point source of N leading to potential errors with the point 
source coefficient.
The NE SPARROW model should not be used to make water quality 
decisions for small coastal areas because it appears to consistently overestimate
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N loads in coastal rivers. However, the model can be easily reworked to 
describe smaller areas. To get a good estimate of water quality, all an 
organization needs is enough calibration data to describe the area and 
watershed characteristics and they can attribute the N load from the watershed to 
N sources to make better management decisions. The New England SPARROW 
model equation can then be refitted with the characteristics that describe the 
area of interest and to make the model much more useful. The NH coastal 
model is a useful tool for looking at this region and can likely be applied to other 
watersheds in the area. The model can be used as an additional tool for 
watershed groups in the area.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
69
LIST OF REFERENCES
Alexander, R., Johnes, P., Boyer, E., Smith, R. 2002 A Comparison of models for 
estimating the riverine export of nitrogen from large watersheds, Biogeochemistry 57/58: 
295-339.
Alexander, R., Smith, R., Schwarz, G. 2000 Effect of stream channel size on the delivery 
of nitrogen to the Gulf of Mexico, Nature 403: 758-761
Alexander, R., Elliott, A., Shankar, U. McBride, G. Estimating the sourc and transport of 
nutrients in the Waikota River Basin, New Zeland. Water Resource Research 38 (12), 
1268, doi: 10.1029/2001 WR000878, 2002.
Barnard, R., P. W. Leadley, and B. A. Hungate (2005), Global change, nitrification, and 
denitrification: A review, Global Biogeochemical. Cycles, 19, GB1007, 
doi: 10.1029/2004GB002282.
Boyer, E., Goodale, C., Jaworski, N., Howarth, R. 2002 Anthropogenic nitrogen sources 
and relationships to riverine nitrogen export in the northeastern U.S.A., Biogeochemistry 
57/58: 137-169.
Boyer, E.W., Howarth, R.W., Galloway. J.N., Dentener, F.J., Green, P.A., Vorosmarty, 
C.J. 2006. Riverine nitrogen export from the continents to the coasts, Global 
Biogeochmical Cycles 20, GB1S91, doi: 10.029/2005GB002537.
Bradu, B. Mundlak, Y. 1970. Estimation in Lognomral Linear Models, Journal o f  
American Statistical Association. 65: 198-211.
Caraco, N., Cole, J., Likens, G., Lovett, M. Weathers, K. 2003. Variation in NO3 export 
from Flowing Waters of Vastly Different Sizes: Does One Model Fit All? Ecosystems 6 : 
344-352
Carpenter, S.E., Caraco, N.F., Corell, N.L., Howarth, R.W., Sharpley, A.N., Smith V.H. 
1998. Nonpoint pollution of surface waters with Nitrogn and Phosphorus, Ecological 
Applications 8 : 559-568.
Corwin, D., Wagenet, R. 1996. Applications of GIS to the Modeling of NonPoint Source 
Pollutants in the Vadose Zone: A Conference Overview, Journal of Environmental 
Quality. 25: 403-411.
Costa, J.E., Janik, D., MacGaffey, N., Martin, D. 1994 Use of a Geographic Information 
System to estimate nitrogen loading to coastal watersheds. Buzzards Bay Project 
Technical Report.
70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Daley, M. Export of dissolve organic nitrogen and nitrate from the Lamprey River 
watershed, New Hampshire: examining relationships with watershed characteristics. 
Thesis, University of New Hampshire, 2002
Driscoll, C, Whitall, D., Aber, J., Boyer, E., Castro, M., Cronan, C., Goodale, C., 
Groffman, P., Hopkinson, C., Lambert, K., Lawrence, G., Ollinger, S. Nitrogen 
Pollution: Source and Consequences in the U.S. Northeast, Environment 47: 8-22.
Efron, B., Tibshirani, R.J. 1982, The jackknife, the bootstrap, and other resampling 
plans, in CBMS-NSF Regional Conference Series in Applied Mathematic, Philadelphia, 
Pa: Society or Industrial and Applied Mathematics, 92p.
Efron, B., Tibshirani, R.J. 1993. An Introduction to the Bootstrap, Chapman & Hall,
New York, NY.
Fulweiler, R.W., Nixon, S.W. 2005. Export of nitrogen, phosphorus and suspended soils 
from a southern New England watershed to Little Narragansett Bay, Biogeochemistry 
76: 567-593.
Goodie, C.L., Aber, J.D. 2001. The Long-Term Effects of Land Use Historyn Nitrogen 
Cycling in Northern Hardwood Forests, Ecological Applications 11: 253-267.
Hanson, G. Groffman, P, Gold, A. 1994. Symptoms of Nitrogen Saturation in a Riparian 
Wetland, Ecological Applications 4: 750-756
Helliwell, R.C., Coull, M.C., Davies, J.J.L., Evans, C.D., Norris, D., Ferrier, R.C., 
Jenkins, A., Reynolds, B. 2007. The role of catchment characteristics in determining 
surface water nitrogen in four upland regions in the UK, Hydrology and Earth System 
Science 11: 356-371.
Holmes, R., Peterson, R., Deegan, L., Hughes, J., Fry, B. Nitrogen Biogeochemistry in 
the Oligohaline Zone of a New England Estuary, Ecology. 81: 416-432
Howarth, R., Sharpley, A., Walker, D. 2002. Sources of Nutrient Pollution to Coastal 
Waters in the United States: Implications for Achieving Coastal Waters Quality Goals, 
Estuaries. 25: 656-676.
Howarth, R.W., Swaney, D.P., Boyer, E.W., Marino, R., Jaworski., Goodale, C. 2006. 
The influence of climate on average nitrogen export from large watersheds in the 
Northeast United States, Biogeochemistry 79: 163-186.
Jickells, T. 1998. Nutrient Biogeochemistry of the Coastal Zcne, Science. 281.217- 
222.
Jobson, H. 1996. Prediction of Traveltime and Longitudinal Dispersion in Rivers and 
Streams: U.S. Geological Survey Water-Resource Investigation Report 96-4013, 69p.
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Johnes, P., Butterfield, D. 2002. Landscape, regional and global estimates of nitrogen 
flux from land to sea: Errors and uncertainties, Biogeochemistry 57V58: 429-476.
Jones, S., Langan R. 1995 Assessment of Nonpoint Source Pollution In Tributaries 
Entering Great Bay. New Hampshire Coastal Program.
Kokkonen, T., Koivusalo, H., Lauren, A., Penttinen, S., Starr, M. 2006. Impications of 
processing spatial data from a forested catchment for a hillslope hydroloigical model. 
Ecological Modeling, 199: 393-408.
Kull, A., Uuemaa, E., Kuusemets, V., Mander, U. Modelling of excess nitrogen in small 
rural catchments, Agriculture, Ecosystems and the Environment 108: 45-56.
McKee, L., Eyre, B. Nitrogen and phosphorus budgets for the sub-tropical Richmond 
River catchement, Australia. Biogeochemistry 50: 207-239.
McClelland, J.W., Valiela, I. 1998. Linking Nitrogen in Estuarine Producers to Land- 
Derived Sources, Limnology and Oceanography 43: 577-585.
Moffat, A.S. 1998. Global Nitrogen Overload Problem Grows Critical, Science 279: 
988-989.
Moore, R.B., Johnston, C.M., Robinson, K.W., Deacon, J.R. 2004. Estimation of Total 
Nitrogen and Phosphorus in New England Streams Using Spatially Referenced 
Regression Models, U.S. Geological Survey Scientific Investigation Report 2004-5012.
Morris, J.T. 1991. Effects of Nitrogen Loading on Wetland Ecosystems with Particular 
Reference to Atmospheric Deposition, Annual Review o f Ecology and Systematics 22: 
257-279.
Langland, M.J., Blomquist, J.D., Sprague, L.A., Edwards, R.E. 2000. Trends and Status 
of Flow, Nutrients, and Sediments for Selected Nontidal Sites in the Chesapeake Bay 
Watershed, 1985-98, U.S Geological Survey, 99-451.
Lewis, W.M., Melack, J.M., McDowell, W.H., McClain, M., Richey, J.E. 1999. 
Nitrogen yields from undisturbed watersheds in the Americas, Biogeochemistry 46: 149- 
162.
ODonnell, T. Suburbanization, water quality and property values in three northern 
forested watersheds. Thesis, University of New Hampshire, 2004.
Ollinger, S.V., Aber, J. D., Lovett, G.M., Millham, S.E., Lathrop, R.G., Ellis, J.M. 1993. 
A Spatial Model of Atmospheric Deposition for the Northeastern U.S., Ecological 
Applications 3: 459-472.
72
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Preston, S. D., Smith, R.A., Schwarz, G. E, Alexander, R.A., Brakebill, J.W. 2002. 
Spatially Referenced Regression Modeling of Nutrient Loading in The Chesapeake Bay 
Watershed, U.S. Geological Survey Technical Report.
Preston, S.D., Brakebill, J.W. 1999. Application of Spatially Referenced Regression 
Modeling for the Evaluation of Total Nitrogen Loading in the Chesapeake Bay 
Watershed, U.S. Geological Survey Water Resource Investigation Report 99-4054.
Schindler, D.W., Dillon, P.J., Schreier. H. 2006. A review of anthropogenic sources of 
nitrogen and their effects on Canadian aquatic ecosystems, Biogi ochemistry 79: 25-44.
Schwarz, G.E., Hoos, A.B., Alexander, R.B., Smith, R.A. 2006, The SPARROW Surface 
Water-Qualtiy Model - Theory, Application and User Documentation: U.S. Geological 
Survey, Techniques and Methods 6-B3, 248 p. and CD -ROM.
Seitzinger, S.P., Styles, R.V., Boyer, E.W., Alexander, R.B., Billen, G., Howarth, R.W., 
Mayer. B., Van Breemen, N. 2002. Nitrogen retention in rivers: model development and 
application to watersheds in the northeastern U.S.A., Biogeochemistry 57/58: 199-237.
Seitzinger, S.P., Kroeze, C., Bouwman, A.F., Caraco, N., Dentener, F., Styles, R.V. 2002. 
Global Patterns of Dissolved Inorganic and Particulate Nitrogen Inputs to Coastal 
Systems: Recent Conditions and Future Projections, Estuaries 25: 640-655.
Seitzinger, S.P., Sanders, R.W., Styles, R. Bioavailability of DON from Natural and 
Anthropogenic Sources to Estuarine Plankton, Limnology and Oceanography 47: 353- 
366.
Short, F.T. 1992 (ed)The Ecology of the Great Bay Estuary, New Hampshire and Maine: 
An Estuarine Profile and Bibliography. NOAA- Coastal Ocean Program Publ. 222pp.
Smil, V. 1991. Population Growth and Nitrogen: An Exploration of a Critical 
Existential Link, Popidation and Development Review  17: 569-601.
Smith, R.A., Schwarz, G.E., Alexander, R.B. 1997. Regional interpretation of water- 
quality monitoring data, Water Resource Research 33: 2781-2798.
Smith, R.A., Alexander, R.B., Schwarz, G.W. 2003. Natural Background Concentrations 
of Nutrients in Streams and Rivers on the Conterminous United States, Environmental 
Science and Technology 37: 3039-3047.
Stepanauskas, R., Leonardson, L., Tranvik, L. 1999. Bioavaila' ility of Wetland-Derived 
DON to Freshwater and Marine Bacterioplankton. Limnology and Oceanography 44: 
1477-1485.
Triska, F., Sedell, J., Cromack, K., Gregory, S., V., M., Michae1 F. 2002. Nitrogen 
Budget for a Small Coniferous Forest System. Ecological Monographs 54: 119-140.
73
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Trowbridge, P. 2006. Environmental Indicator Report: Water Quality. New Hampshire 
Estuaries Project. Concord New Hampshire.
USDA National Agricultural Statistics Service. Fertilizers and Chemicals Applied: 2002 
and 1997. 2007 Census of Agriculture -  State Data.
Valiela, I., Geist, M., McClelland, J., Tomasky, G. 2000. Nitrogen loading from 
watersheds to estuaries: Verification of the Waquoit Bay Nitrogen Loading Model, 
Biogeochemsitry 49: 277-293.
Valiela, W., Collins, G., Kremer, J., Lajtha, K., Geist, M., Seely, M., Brawley, J., Sham, 
C.H. 1997. Nitrogen Loading from Coastal Watersheds to Receiving Estuaries: new 
Methods and Applications, Ecological Applications 7: 358-380.
Van Drecht, G., Bouwman, A. F., Boyer, E.W., Siebert, S. 2005. A comparison of global 
spatial distributions of nitrogen inputs for nonpoint sources and effects on river nitrogen 
export, Global Biogeochemical Cycles 19: 1-19.
Vitousek, P., Aber, J., Howarth, R., Likens, G., Matson, P., Schindler, D., Schlesinger, 
W., Tilman, D. 1997. Technical Report: Human Alterations of 'he Global Nitrogen 
Cycle: Sources and Consequences, Ecological Applications. 7: 737-750.
Vitousek, P.M., Gosz, J., Grier,C.C., Melillo, J.M., Reniers, W. A. 1982. A Comparitive 
Analysis of Potential Nitrification and Nitrate Mobility in Feres'' Ecosystems, Ecological 
Monographs 52: 155-177.
Zar, J.H. 1999. Biostatistiacal Analysis, Prentice Hall, Upper Saddle River, New Jersey.




Flow TSS % N Particulate TDN
Location UNH ID cfs mg/ N mg/l (mg/L)
Exeter1 63552 17.00 0.00000 0.0111 ■ 0.00002 0.46
Lamprey1 63553 47.00 0.00000 0.00974 0.00003 0.45
Oyster1 63554 3.60 0.00000 0.00746 0.00003 0.69
Cocheco1 63555 29.00 0.00000 0.01321 0.00005 1.79
Salmon
Falls1 63556 0.00000 0.00563 0.00001 0.68
Exeter1 63908 79.00 0.00000 0.01377 0.00002 0.50
Lamprey1 63909 258.00 0.00000 0.00676 0.00001 0.38
Oyster1 63910 10.00 0.00000 0.00912 0.00002 0.63
Cocheco1 63911 105.00 0.00000 0.01259 0.00003 0.68
Salmon
Falls1 63912 0.00000 0.00827 0.00001 0.33
Exeter1 64570 73.00 0.00002 0.03599 0.00078 0.37
Lamprey1 64571 305.00 0.00000 0.01889 0.00006 0.19
Oyster1 64572 24.00 0.00000 0.02421 0.00007 0.42
Cocheco1 64573 154.00 0.00001 0.03275 0.00035 0.41
Salmon
Falls1 64574 0.00000 0.0130 0.00005 0.38
Exeter1 67115 255.00 0.00000 0.0105 0.00002 0.47
Lamprey1 67116 761.00 0.00000 0.01116 0.00002 0.42
Oyster1 67117 92.00 0.00001 0.02174 0.00011 0.53
Cocheco1 67118 287.00 0.00000 0.01495) 0.00004 0.83
Salmon
Falls1 67119 0.00000 0.01365 0.00002 0.45
Exeter1 67435 359.00 0.00000 0.01655 0.00005 0.37
Lamprey1 67436 1310.00 0.00000 0.01392 0.00003 0.34
Oyster1 67437 77.00 0.00000 0.0268 , 0.00010 0.50
Cocheco1 67438 498.00 0.00000 0.015<_' 0.00004 0.57
Salmon
Falls1 67439 0.00000 0.0150- 0.00003 0.36
Exeter1 67786 204.00 0.00000 0.0166t 0.00003 0.25
Lamprey1 67787 681.00 0.00000 0.01192 0.00002 0.36
Oyster1 67788 49.00 0.00000 0.02666 0.00011 0.42
Cocheco1 67789 384.00 0.00000 0.01756 0.00004 0.52
Salmon
Falls1 6770 0.00000 0.01428 0.00002 0.36
1 Exeter River has a USGS gauging station located at Latitude 42°5C 04", Longitude 71°02,20". 
Lamprey River has a USGS gauging station is located at Latitude 43 06'09", Longitude 70°57'11 
Oyster River has a USGS gauging station located at Latitude 43°03 55", Longitude 70°57'56". 
Cohceco River has a USGS gauging station located at Latitude 43° 13'06", Longitude 70°58'27". 
Samon Falls River does not have a gauging station.
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